This paper presents experimental work on the heat transfer characteristics of a dilute impinging air-water mist jet. Time-averaged heat transfer measurements are reported, as well as simultaneously obtained high-speed shadowgraph imaging flow visualisation and heat transfer measurements; images of the mist jet impingement and the liquid film that forms on the impingement surface are also included. It is determined that the surface liquid morphology varies with mist loading fraction, and that the heat transfer behaviour of the mist jet reflects these changes. Intermittent thermal disturbance caused by the impingement of the mist jet droplets is proposed as the dominant heat transfer mechanism when the mist loading fraction is very low; as the mist loading fraction increases, evaporation from the surface liquid film and convective cooling due to the film flow become more significant.
Introduction
The use of single-phase jets for surface cooling is a well established practice; they have been used in numerous applications where high heat transfer gle of impingement and a number of other parameters have been reported on extensively [3, 4] .
An improvement in jet impingement heat transfer can be obtained by using a fluid other than air, such as water, which has been shown to offer superior heat transfer characteristics [5] . However, practical issues arise, such as the removal 10 of large amounts of water, pumping pressure requirements, storage issues and the environmental cost of potentially inefficient use of water. With these issues in mind, a potential compromise lies in the entrainment of liquid droplets within a flow of air.
A flow of droplets impinging on a surface can be categorised as either a mist 15 jet or a spray; these are differentiated by their methods of generation. A spray is formed by forcing liquid through a small nozzle, whereas the droplets in a mist jet are produced from a liquid jet via shear driven atomisation caused by a coflowing annular air jet as momentum is transferred from the air jet to the liquid jet [6, 7, 8] . Thus, mist jets are inherently complex two-phase flows, and both 20 the nature of the flow structure and the dominant heat transfer mechanisms are not fully understood.
While a substantial body of work exists for single-phase jet impingement cooling, mist jets and sprays have not received the same levels of interest. The vast majority of work on impinging spray heat transfer has examined surface 25 temperatures above the spray liquid saturation temperature [9] . However, spray cooling has been identified as a potential means of dissipating high heat fluxes at surface temperatures below the liquid saturation temperature, for example, in computer electronics [10, 11, 12] , and the heat transfer mechanisms and parameters such as liquid flow rate, nozzle-to-plate spacing and droplet properties 30 have been investigated [13, 14, 15] . Both experimental and numerical studies have also been performed for the case of an impinging flow of water droplets entrained in steam [16, 17] . Pakhomov and Terekhov [18] produced a study simulating the flow and heat transfer of a two-phase impinging jet; the authors found good agreement with the experimental data of Li et al. [16] . Wang 35 and Dhanasekaran [19] modelled the cooling of turbine blades with impinging mist/steam jets and showed the enhancement available with the addition of mist droplets to steam jets, although the authors also showed the difficulty of numerically examining the entire flow field with a single model. The topic of non-boiling mist jet heat transfer has been the focus of even fewer studies than 40 spray cooling. Yet it is an important topic in its own right; the addition of the air jet differentiates it from the spray and adds another dimension to the already complex heat transfer behaviour. This provides the motivation for the present heat transfer study of an air-water mist jet impinging on a surface at relatively low wall temperatures. Specifically the case of a dilute mist jet is considered.
and a forced convection component due to the air jet. These mechanisms are similar to those reported for mist/steam flows, with Li et al. [17] stressing the importance of direct conduction to droplets on the impingement surface on 55 mist/steam jet heat transfer. In addition to these mechanisms, Garbero et al. [22] reported in a numerical spray deposition study that droplets in a gas flow in the wall jet region act as vortex generators, causing gas circulation near the impingement surface, which also contribute to heat transfer enhancement.
It is probable that the total heat transfer is due to some combination or trade-
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off between these components; for example, an increase in liquid flow rate may result in an increase in the heat transfer component associated with the flow of the liquid film on the surface as greater momentum is supplied for the film flow.
Conversely, it may also result in a thicker film which leads to a larger conductive resistance, thereby reducing evaporation from the film and the forced convection 65 component associated with the air jet.
Effect of mist loading fraction
As the mist jet is a two-phase two-component flow an important parameter is the ratio of the liquid to air mass flow rates, commonly referred to as the mist loading fraction, f [20, 23, 24] :
The influence of mist loading fraction on mist jet heat transfer is not straightforward, with a general paucity of available data. Chang and Su [20] reported that increasing f did not consistently give rise to corresponding increases in 70 heat transfer; the authors [20] identified local maxima in heat transfer, termed critical points, as f increases. They speculated that non-linear flow phenomena between the mist jet, water droplets and surface liquid flow may be responsible, though no local analysis was reported on the influence of f on the liquid film.
Graham and Ramadhyani [21] also failed to identify consistent trends in heat 75 transfer with f , attributing this to competing heat transfer influences; higher liquid flow rates were thought to lead to thicker surface films, which led to a decrease in evaporation from the film and a reduction in convective heat transfer from the film to the impinging air flow as the conductive resistance of the film was increased. However, the thickening of the film also means that con-
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vective heat transfer to the film flowing along the surface could increase, as its momentum increases with an increase in the liquid flow rate. Oliphant et al. [25] reported a slight increase in heat transfer for the same mass 100 flux as the nozzle-to-surface distance increased from H/D = 0.8 to H/D = 1.5, which is consistent with the heat transfer trends in this H/D region for a singlephase jet [4] ; it was noted, however, that there was considerable scatter in the data.
Effect of droplet parameters
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To date, no study has been reported that links the droplet parameters to heat transfer for the non-boiling regime mist jet. Graham and Ramadhyani [21] reported a droplet range of 3 to 400 µm and a Sauter mean diameter, 
Experimental approach
Heat transfer measurements
The mist jet in this study is generated using a Spraying Systems B1/4 VMAU-316 SS nozzle, and consists of an annular air jet wrapped around an inner water jet. Figure 1 In this work, the outer diameter is used for the dimensionless spacings, to best represent the spread of the annular jet; this is consistent with annular jet studies within the literature, such as that of Ichimiya [27] . Typically the Reynolds number, Re, for an annular air jet is defined using the hydraulic diameter, i.e. the difference between the external and internal diameter, D h = D − D i , as the length scale [27, 28] .
In this expression U is the jet velocity at the nozzle exit and ν refers to the The air flow for the mist jet is regulated using a flow control needle valve connected to a buffer vessel, fed off the laboratory compressed air grid. The flow rate is measured using an Alicat Scientific M-500SLPM-D air flow meter which has an accuracy of ±1% over a range of 0-500 SLPM. As well as air flow rates, , and also the approach taken in preliminary work by the authors [32] . Heat transfer coefficients are calculated using the expression
where T s is the surface temperature as measured by the thermocouple embedded within the thermopile heat flux sensor, T j is the jet air temperature, measured by the thermocouple in the air supply line and q is the convective heat flux.
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The adiabatic surface temperature is often used as the reference temperature for complicated flows, as per Li et al. [33] . For mist jets, there exists the further issue of which reference fluid temperature to use: the water temperature, as in Fabbri et al. [10] or the air temperature as per Tay changing its resistance allows for it to be set to a specific temperature. The hot film sensor operating principles are described in detail in O'Donovan et al. [34] .
The heat flux from the film is proportional to the voltage applied to the hot film sensor, E, to maintain the overheat under a forced convection condition as per equation 4:
where R is the resistance of the hot film sensor. In the current study, the fluctuations in the normalised mist jet heat flux, q norm , are used as an indication of the temporal variations in heat flux. The mist jet heat flux is normalised by the air jet heat flux, and is defined as
where q mistjet and q airjet are the mist jet and air jet heat flux measurements respectively. Berg et al. [35] compared different particle imaging techniques and reported that, although shadowgraphy was not proficient at detecting particles smaller 235 than 5 µm, it provided results that matched well with other imaging techniques for particles larger than 10 µm, although the lower limit on particle size depends on the camera and light source used; with the detection set-up described below, the lower limit for detectable droplet size in this study is 15 µm. Also, unlike other techniques, shadowgraphy does not have an upper limit on the size of 240 droplets that can be detected.
Shadowgraph and high-speed imaging set-up
The shadowgraphy technique has become more established in recent years.
Pavlova et al. [36, 37] used it in their studies on the controllability of a spray by means of a synthetic jet. Zhang et al.
[38] characterised a spray in a nonboiling heat transfer study with the help of shadowgraph images, while Castanet 245 et al. [39] used this technique to examine secondary droplets produced by drop impact on a heated surface. It has also been used to characterise droplet properties in dense diesel sprays by Blaisot and Yon [40] , while Klinner and Willert [41] even presented early work into using the shadowgraph imaging process to reconstruct a 3D distribution of spray droplet sizes.
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The procedure used in this investigation is similar to that of Berg et al. [35] and uses a DaVis shadowgraph imaging set-up. A double-pulse high-speed 
Uncertainty analysis 275
The uncertainty associated with the time-averaged heat transfer coefficient consists of its measurement uncertainties, U h , and also the uncertainties associated with the mist jet air and water flow rates, U mist . The uncertainty analysis was performed as per Bendat and Piersol [42] and Mills and Chang [43] . For the heat transfer coefficient, the primary uncertainty components were the heat flux signal and the temperature measurements. The total uncertainty in the heat transfer coefficient, ∆h is given by
The uncertainty associated with the measurement of time-averaged heat transfer coefficients across the range of parameters investigated was calculated to be ±8.5
%. Combining this with the uncertainties in the air and water flow rates gives a total uncertainty in the time-averaged heat transfer coefficient of ± 10 %. The total uncertainty in the time-varying signal obtained using the hot film sensor 280 was calculated to be ±8.6 %.
As shadowgraphy is a direct imaging technique, uncertainty analysis tends to focus on comparing images of an object of a known size with physical mea- A more detailed discussion of the uncertainties associated with this investigation is given in Quinn [45] . 
Characterisation of the surface liquid film and droplet size distribution
As the surface temperature is below the saturation temperature of the mist jet droplets, liquid will gather on the impingement surface; this is referred to as the liquid film. Studies to date have assumed the presence of a continuous 345 liquid film, and the heat transfer mechanisms proposed have been based on this assumption. However, it has been suggested that at very low liquid flow rates a continuous film may not form [21] ; this would imply different heat transfer behaviour than has been reported within the literature for these very low mist loading fractions. Thus, the behaviour of the liquid film is explored here. Images 350 of the surface liquid film were obtained using the same set-up as was used for shadowgraph imaging. Videos of the film behaviour described in this section are available in the on-line version of this paper 2 .
The behaviour of the liquid film for Re = 4500 displays similar traits for both nozzle-to-plate spacings considered; analysis of the high-speed imagery allows
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for the behaviour to be categorised as three regimes for the dilute mist jet under outwards under the action of the incoming droplets, the momentum imparted from their impacts is eventually dissipated and the film decelerates due to the area increase from radial spreading and the friction between the film and the impingement surface. As this happens, the film tends to revert to liquid slugs, because of surface tension effects. In this regime, splashes in the liquid film 400 can be seen, as identified in figure 8 . As the mist loading fraction is increased further, the continuous liquid film spreads over a greater area of the surface, but is otherwise unchanged. However, it must be noted that no quantitative examination of the film thickness was possible with this experimental set-up.
Video 3 provides a clearer illustration of this behaviour. owgraph imaging technique may result in droplets escaping detection. Droplets
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with a diameter smaller than 15 µm cannot be detected by the shadowgraph imaging system used in this study, and droplets that do not pass through the narrow depth of focus of the high-speed camera are not accounted for, as discussed in section 2.2. These constraints may result in the number of droplets measured being smaller than it is in actuality, although the broader trends are Taking the droplet property data into account, it seems likely that the driving mechanism that determines the behaviour of the liquid film on the surface is the number of droplets detected, as both the droplet sizes and velocities do not exhibit significant variations with mist loading fraction. shorter than that corresponding to the frame rate of 1000 Hz, which was the maximum frame rate that produced interpretable results.
The evolution of a sample spike in the normalised mist jet heat flux caused by the impinging mist jet, identified by an arrow in figure 16 , provides further elucidation of the observed behaviour. the evolution in q norm at a higher temporal resolution, along with the number of droplets detected and the corresponding high-speed shadowgraph images. These images correspond to the region shown in figure 9 extending from 2.6 < y/D < 4.
Initially for a time period of t = 2.188 to t = 2.19 s, before the arrival of liquid droplets, q norm ≈ 2.5; this is shown in figure 17 . Sensible heating and 590 evaporation of the surface liquid slugs account for this enhancement; this mist loading fraction is on the border between the low and intermediate f regimes.
In figure 18 , it can be seen that a large number of droplets are now impinging on the heated surface. This can be seen in the shadowgraph image of figure 18 (b), along with a corresponding peak in the number of detected droplets in 595 figure 18 (a) and a near doubling of q norm . Subsequent to this event, as shown in figure 19 , q norm begins to decay, approaching the level that existed before the impingement of the droplets.
This sequence illustrates the influence of droplet impingement on mist jet heat transfer when the mist loading fraction is so low that a continuous liquid 600 film is not established on the surface. After the initial peak in the normalised q"norm q"norm amounts of liquid is primarily due to this disturbance to the thermal boundary layer by high heat capacity droplets, rather than to evaporation or heating of a surface liquid film. caused by droplet impacts on the impingement surface. As with the liquid film behaviour, the heat transfer mechanisms can be described in terms of increasing mist loading fraction:
1. Low mist loading fraction regime heat transfer enhancement appears to be primarily due to the disturbances caused by the liquid droplets. 
